Central artery stiffening is recognized as a cardiovascular risk. The effects of hypertension and aging have been shown in human and animal models but the effect of salt is still controversial. We studied the effect of a high-salt diet on aortic stiffness in salt-sensitive spontaneously hypersensitive stroke-prone rats (SHRSP). Distensibility, distension, and β-stiffness were measured at thoracic and abdominal aortic sites in the same rats, using echotracking recording of the aortic diameter coupled with blood pressure (BP), in SHRSPsalt (5% salted diet, 5 weeks), SHRSP, and normotensive Wistar-Kyoto (WKY) rats. Hemodynamic parameters were measured at BP matched to that of WKY. Histological staining and immunohistochemistry were used for structural analysis. Hemodynamic isobaric parameters in SHRSP did not differ from WKY and only those from the abdominal aorta of SHRSP-salt presented decreased distensibility and increased stiffness compared with WKY and SHRSP. The abdominal and thoracic aortas presented similar thickening, increased fibrosis, and remodeling with no change in collagen content. SHRSP-salt presented a specific increased elastin disarray at the abdominal aorta level but a decrease in elastin content in the thoracic aorta. This study demonstrates the pro-stiffening effect of salt in addition to hypertension; it shows that only the abdominal aorta presents a specific pressure-independent stiffening, in which elastin disarray is likely a key mechanism.
Introduction
The development of arterial stiffness is an independent risk factor for cardiovascular events and all-cause mortality. It occurs naturally with aging and also with hypertension and metabolic disorders [1] [2] [3] . It is well known that age and hypertension each play a role in worsening existing increases in arterial stiffness [4, 5] . Indeed, increased cyclic (pulsatile) and steady pressure upon the arterial wall leads to further vascular remodeling characterized by a reduction in elastin and an increase in fibrous tissue in the arterial wall. Heretofore, arterial stiffness has been mostly considered as an inevitability of old age or simply a by-product of hypertension, and as such there is a present lack of motivation to find pharmaceutical treat-ments which target stiffness directly. However, some studies suggest that increases in arterial stiffness could precede the development of hypertension in humans [6, 7] . Critical to understanding how to treat this degenerative condition is to first understand the mechanisms through which it manifests. Until now, it has remained difficult to separate the causal effects of blood pressure (BP) elevation on arterial stiffness measurements from those of the long-term changes in mechanical and functional properties of the arterial wall which also lead to alterations in vascular stiffness. It is therefore essential for experimental models to allow for measurements to be made at controlled arterial pressures in order to distinguish the effects of vascular remodeling versus acute pressure-dependent changes in arterial stiffness.
Among the prospective candidates which could induce arterial stiffening is sodium. It has already been shown in humans that dietary sodium is correlated with arterial stiffness independent of BP [8, 9] . Few data exist for the effects of salt in animal models on arterial stiffness. A recent study showed higher aortic and carotid pulse wave velocity (PWV) independent of BP [10] in salt-sensitive Dahl rats when compared with salt-resistant Dahl rats under a lower-salt diet. This study determined that the origin of the higher stiffness was not due to classic fibroid deposition into the arterial extracellular matrix, but rather a change in the molecular expression of the constituents of the media and endothelium. In this study, as in those in humans, the benefit of a low-salt diet was observed. Nevertheless, the deleterious effects of an increased salt diet which could mimic the salt component of the western diet is still poorly investigated.
Salt loading in spontaneously hypertensive strokeprone rats (SHRSP) increases the incidence of stroke [11, 12] . The reasons for this are multifactorial, including endothelial [13] and renal dysfunction [14] . Since the endothelium is a primary means of maintaining vascular smooth muscle integrity [15] and renal dysfunction is associated with arterial stiffness [16] , it was hypothesized that this model was relevant for analyzing arterial remodeling associated with stiffness.
The goal of the present investigation was to determine whether increases in arterial stiffness could be observed in SHRSP receiving increased dietary salt. As the regional differences in stiffness across the aorta have been poorly investigated and remain a source of controversy, we fully investigated stiffness after salt loading at both abdominal and thoracic sites via local echotracking stiffness measurements [5, 17] and subsequently measured the associated alterations in aortic tissue [18, 19] .
Methods

Animals
This study was conducted in accordance with European Community Guidelines for the use of experimental animals and was approved by the ethical committee on Animal Experiments of the Servier Research Institute. All animals were provided by Charles River (L'arbresle, France). Male Wistar-Kyoto (WKY) rats (n = 6), SHRSP rats (n = 6), and SHRSP rats given a 5% salt diet for 5 weeks (SHRSP-salt; n = 8) were compared at 20 weeks of age. The animals were housed in a temperature-controlled room (20-21 ° C) with a 12/12 h light/dark cycle. The body weight was measured before anesthesia.
Hemodynamic Measurements
Rats were anaesthetized with an intraperitoneal injection of sodium pentobarbital (50 mg/kg, maintained with 5 mg/kg/h). The jugular vein was cannulated for constant administration of anesthetic and the penile vein was cannulated for the administration of other drugs. The trachea was cannulated and ventilation was maintained with a pressure-controlled respirator (Hallowell EMC, TEM) at a frequency of 60-70 cycles/min and a pressure of 9-12 cm H 2 O to avoid respiratory depression during the experiment and to allow better stability. Body temperature was maintained at 37 ° C with a homeothermic blanket (Harvard) connected to a rectal probe.
A microtip pressure catheter (Millar 1.2F) was inserted into the aorta via the right femoral artery. The BP signal was visualized and analyzed with the Biopac 4.2 Acknowledge acquisition and analysis system (CEROM). The aortic diameter was simultaneously measured with pressure using ultrasound. An ultrasound probe (L10-5, 40 mm, 10 MHz) was placed on the shaved skin on the side of the animal and was manipulated until a clear B-mode image of the thoracic aorta and the intra-arterial catheter was seen. A section of artery adjacent to the catheter was selected and subsequently analyzed in M-mode. Vessel wall tracking technology (Art.Lab, Esaote, Maastricht, The Netherlands) was used to measure the changes in arterial diameter for 6 s (approx. 30 cardiac cycles). The BP signal was split and sent to a second computer containing Art. Lab to allow for BP and diameter synchronization. These data were subsequently analyzed using a specialized Matlab (Mathworks) program which integrates BP and diameter data and therefore allowed for arterial stiffness measurements. A more detailed description of both data acquisition via Art.Lab [20] and the specific analyses within Matlab [17] have previously been published.
Thoracic measurements were made above the renal artery bifurcation and below the diaphragm, and abdominal aorta measurements were made at the lowest abdominal site. The catheter was inserted first into the thoracic aorta via the right femoral artery and measurements were made in the thoracic aorta at baseline BP. Then the catheter was withdrawn and placed in the abdominal aorta just above the iliac bifurcation. The ultrasound was also moved to obtain an image of the catheter within the abdominal aorta. For the SHRSP and SHRSP-salt groups, after a second series of baseline measurements were taken within the abdominal aorta, BP was reduced using an injection of clonidine (3 µg/kg i.v.) to achieve the same baseline BP as the normotensive rats (approx. 130 mm Hg). Following these measurements, the catheter and ultrasound probe were repositioned into and above the thoracic aorta to obtain measurements at the baseline BP of the normotensive DOI: 10.1159/000488877 rats. The changes induced by the reduction in BP represent the pressure-dependent stiffness and the difference remaining versus normotensive animals after BP reduction represents the pressureindependent stiffening ( Fig. 1 shows an example with distensibility).
The parameters automatically calculated to determine the dynamic properties of the aortic wall were as follows: mean diameter (D) and diastolic diameter (dD); mean distension (in µm); compliance (ΔA/ΔP) in mm 2 /kPa, where A is the transsectional area of the vessel calculated from the diameter, and P is pressure; distensibility (ΔA/ΔP XA) in 1/kPa, and beta stiffness index [(dDln[SAP/ DAP])/(sD-dD)], where sD is systolic diameter, SAP is systolic arterial pressure, and DAP is diastolic arterial pressure. Aortic distension was expressed in percent versus diastolic diameter (ΔD X100/dD). The local PWV is calculated from √(A/ΔP/ρΔA), where ρ is blood viscosity. Additionally, as previously described [17] , we analyzed the pressure wave and diameter distension wave by recording both signals at 980 Hz (1.02-ms intervals) and averaging them over around 30 cardiac cycles. Pulse pressure and the distension wave transformed in percent/diastolic diameter were then quantified by the area under the curve (AUCd and AUCpp, respectively) corrected by 1/heart rate to avoid a heart cycle duration influence. The pressure waves and distension waves as well as the AUC/ms obtained for each rat could then be averaged within groups as is usually done for the more standard parameters. A distensibility index was calculated as the ratio of these AUCs, AUCd/AUCpp, and a compliance index was also added as (distension/diastolic diameter)/(pulse pressure/diastolic pressure).
Samples for ex vivo Experiments
At the end of the experiments the rats were euthanized via an intravenous (i.v.) lethal dose of sodium pentobarbital, and the naso-rectal lengths of the rats were measured. The left ventricle and left kidney were weighed. The left ventricle and left kidney weight were normalized to their ratio to naso-rectal length (mg/cm). Thoracic and abdominal aortas were cleaned and stored in 4% formaldehyde.
Determination of Arterial Structure and Composition
The arterial structure was determined and quantified in 4% formaldehyde-fixed thoracic and abdominal aortas extracted from the rats used for hemodynamic measurements. For that purpose, an approximately 5-mm-long piece, corresponding to the site already used for both thoracic and abdominal ultrasound measurements, was cut and embedded in paraffin. The tissue was then extracted from individual paraffin blocks and inserted into a preformed paraffin recipient block (Tissue-Tek Quick-Ray System, Sakura Finetek, Villeneuve d'Ascq, France). The finished block was then cut into 4-μm-thick sections and mounted on Superfrost plus slides and subjected to independent tests.
The medial cross-sectional area (MCSA) and scleroprotein quantifications were performed by morphological analysis after Sirius red and a 3-color staining protocol (Masson's trichrome) for collagen [19, 21] , and after Verhoeff's van Gieson staining for elastin [22] . The disarray of elastin networks in the medial layer was determined by loss of parallel orientation and increased dispersion and rupture of fibers. It was graded with a scale of 3 levels. Level 1 reflected almost all elastin fibers distributed and aligned in parallel throughout the vascular wall. Level 2 was graded for samples with elastin fibers distorted and level 3 for samples with at last half of the elastin fibers distorted or disrupted. For each rat, 3 different microscopic fields were analyzed at 40× magnification.
For immunohistochemical analyses of cell-matrix interactions, a fibronectin polyclonal antibody (ab2040, Millipore) was used. Integrin accumulation was quantified with α 1 -integrin (ab106267, Abcam), α 5 -integrin (ab1928, Millipore), and α v -integrin (ab1930, Millipore) antibodies. This analysis was completed with an anti-FAK antibody (ab40794, Abcam), which recognized focal adhesion kinase (FAK). To complete the description of the aorta composition, MMP2, a ubiquitous metalloproteinase that is involved in the remodeling of the vasculature, was also quantified (anti-MMP2 antibody; ab37150, Abcam).
Immunohistochemistry was performed on 4-µm sections [18, 19, 23] . Heat-mediated antigen retrieval was performed in EDTA buffer pH 9 in a water bath for 30 min. Immunostaining was performed on a Dako autostainer using a peroxidase-labeled polymerbased detection system (Envision plus, Dako) and diaminobenzidine as a chromogen. No specific staining was observed when the primary antibody was omitted from the protocol (negative control). The distribution and quantification of staining were determined by computer-directed color analysis performed with the noncommercial image processing software Mesurin ® . For each aortic section analyzed, 3 different microscopic fields were analyzed at 20× magnification [24] . Wall stress was measured using the formula: mean blood pressure (MBP) after clonidine administration × internal diameter/2 × thickness.
Statistical Analysis
All data were expressed as the mean ± the standard error of the mean (SEM). The coefficient of variation measurement (%) was calculated. Then each hemodynamic parameter was analyzed with a one-way ANOVA of raw data followed by a Tukey post hoc comparison first at basal BP and again at matched BPs across the 3 groups. The paired Student t test was performed to compare tho- racic and abdominal values, as well as the effect of clonidine in hypertensive rats. For immunochemistry analysis, data are expressed as means ± SEM. One-way ANOVA followed by a Fisher PLSD (protected least significant difference) was used to assess the significance of the results. Differences were considered significant at values of p < 0.05.
Results
Basal and Hemodynamic Data
The body weights of SHRSP and WKY rats did not differ and that of SHRSP-salt rats was slightly lower, significantly when compared to WKY (WKY = 340 ± 7 g, SHRSP = 318 ± 3 g, SHRSP-salt = 311 ± 6 g). Left ventricle and left kidney weights corrected for naso-anal length were higher in SHRSP compared to WKY, and this difference was increased by salt, indicating a hypertrophy of both organs induced by hypertension and increased by the addition of salt in hypertensive rats. Left ventricle values were 38.9 ± 1.9, 44.0 ± 0.8, and 49.5 ± 0.8 mg/cm in the WKY, SHRSP, and SRHSP-salt groups, and the kidneys were 43.1 ± 1.8, 55.0 ± 0.9, and 65.0 ± 1.9 mg/cm, respectively. Basal values of MBP in anesthetized rats were greatly increased in SHRSP and SHRSP-salt rats compared to WKY animals. Clonidine i.v. push (3 µg/kg) reduced MBP significantly in both the SHRSP and SHRSP-salt groups, reaching similar values to those measured in WKY rats (Tables 1, 2) .
As expected, the in vivo diameter in the thoracic aorta was higher than in the abdominal aorta, 2,241 ± 27 and 1,434 ± 15 µm, respectively, in WKY rats. This difference was also seen in the other groups at both basal and reduced BPs (Table 2, 3). Clonidine did not significantly modify the diameter of the abdominal aorta and slightly reduced that of the thoracic aorta.
Aortic Distensibility and Stiffness
The thoracic aorta was less stiff compared to that of the abdominal aorta in all 3 groups (values are shown in Tables 1 and 2). At resting BP, aortic stiffness was higher in hypertensive animals compared to the normotensive animals, as shown by the higher β-stiffness index and PWV, and lower distensibility and distension waveform in both the thoracic (Table 1 ) and the abdominal aorta ( Table 2) . For SHRSP rats, salt-induced changes in arterial stiffness were difficult to evaluate at resting BP.
Under isobaric conditions following the bolus of i.v. clonidine, there was no longer a difference in aortic stiffness between WKY, SHRSP, and SHRSP-salt at the thoracic level, indicating the passive contribution of BP upon arterial stiffness at resting BP in SHRSP and SHRSP-salt (Table 1 ). In contrast, the β-stiffness index and local PWV recovered and distensibility remained slightly lower in the SHRSP animals at the abdominal aorta level with respect to the WKY group. Furthermore, in the SHRSP-salt group, all the parameters remained altered after BP reduction compared to both the WKY and the SHRSP rats (Table 2 ). Since these measurements occurred at an equal MBP, the increased stiffness was not influenced by distending pressure.
Distension and BP Waves
Pulse pressure and pulse pressure waves measured as the AUC/ms were higher in SHRSP and SHRSP-salt compared with WKY rats, with no difference between hypertensive groups at both thoracic and abdominal levels. Following BP reduction with clonidine, there were no measured differences in pulse pressure or AUC in any of the groups. In contrast, the distension and distension wave measured as AUC/ms were greatly reduced in SHRSP and more reduced in SHRSP-salt rats at both thoracic and abdominal levels. After clonidine, only distension and distension waves of SHRSP-salt abdominal aorta remained reduced versus WKY (Tables 1, 2 ; Fig. 2, 3) . Figure 3 shows the distension/pressure relationship as a distension-pressure loop throughout the cardiac cycle, when BP in hypertensive rats was lowered to match that of the normotensive rats. The thoracic aorta isobaric slopes and areas of the distension-pressure loop are similar in the 3 groups. At the abdominal level the distension-pressure loop in SHR-salt exhibits a lower slope and area, clearly indicating a pressure-independent stiffening.
Arterial Structure and Composition
The immunohistochemical characteristics of the thoracic and abdominal aortic structures are presented in Table 3 . The MCSA and media thickness increased in SHRSP rats at both sites compared with WKY rats. There was a further significant increase in medial thickness and MCSA following salt administration. In agreement with in vivo echotracking measures, the diameter was increased in the thoracic but not the abdominal aorta. Also, the ratio thickness/lumen diameter was increased only at the abdominal aortic site. These measurements were also performed at an upper thoracic site to determine the viability of our chosen section of thoracic aorta to represent the whole thoracic aorta: thickness was increased from 109 ± 9 to 136 ± 5 and 148 ± 3 µm in the WKY, SHRSP, and SHRSP-salt groups, respectively. However, the thickness/lumen ratio was not different in these respective groups: 7.7 ± 0.6, 8.1 ± 0.1, and 8.5 ± 0.2. Since this section exhibited similar changes to that of our chosen lower thoracic site (between diaphragm and renal arteries), we considered our thoracic site to be representative.
Wall stress values calculated for MBP after clonidine administration were higher in the thoracic aorta than in the abdominal aorta in the 3 groups: 895 ± 20 versus 615 ± 31 in WKY; 825 ± 32 versus 477 ± 17 in SHRSP; 753 ± 23 versus 480 ± 21 in SHRSP-salt. Wall stress was similar in the SHRSP and SHRSP-salt groups at the abdominal site. Since MBP was also the same between these 2 groups, this provides greater evidence that the reductions in distensibility of the SHRSP-salt rats reflects a true change in the structure of the arterial wall. Wall stress was highly correlated to thickness/internal diameter ratio as expected (r = 0.91 and 0.97), slightly correlated to MBP (r = 0.55 and 0.47 in thoracic and abdominal aorta), and not correlated to stiffness (r = 0.46 and 0.44).
The vascular collagen content and density remained unchanged at both aortic levels for each group, irrespective of the salt loading ( Table 3 ). The organization of elastic material in the thoracic wall appeared parallelly oriented with only a few disruptions of elastic lamellae for both WKY and SHRSP (Fig. 4) . While the number of SHRSP-salt elastic lamellae was maintained at the thoracic site, they often appeared thinner than in the control groups, leading to significantly less elastin content (Table 3) .
Thinner elastic lamellae and sparser interlamellar elastic fibers were observed in the abdominal aorta, such that elastin density was decreased compared with the thoracic site for each group. This result likely contributes to the greater stiffness observed in the abdominal compared with the thoracic aorta. The elastin network also showed varying degrees of disorganization between each group at the abdominal site. A loss of parallel orientation of elastin fibers was observed for all groups at the abdominal compared with the thoracic level (Fig. 4) .
Increased elastin disarray (dispersion and rupture of elastic fibers) was increased at the abdominal aorta level after salt loading compared with both controls (2.86 ± 0.06 for SHRSP-salt vs. 2.36 ± 0.08 for SHRSP and 1.80 ± 0.15 for WKY; p < 0.001). This tissue specificity of elastin content does not seem to be related to MMP2 accumulation as the latter increases to the same extent in both the thoracic and abdominal aorta ( Table 3 ). The density of cell nuclei was increased at the thoracic and abdominal aorta levels for SHRSP and SHRSP-salt compared with WKY. Concerning cell-matrix interactions, we observed that fibronectin content was specifically increased in SHRSP-salt rats compared to WKY and SHRSP rats at both aortic sites (Fig. 5, 6 ). This accumulation of fibronectin was coupled to a specific increase of its α 5 -and α vintegrin receptors. FAK accumulation, which recognizes FAK, was consistent with integrin engagement in SHRSPsalt rats, even if a smaller increase of FAK accumulation was also observed in SHRSP rats compared to WKY.
Discussion
The major findings of this investigation are that: (1) increased dietary salt induced aortic stiffening in a saltsensitive model of hypertension, and (2) the thoracic and abdominal aorta exhibit different patterns of stiffening associated with different structural changes in the vessel wall and this is exacerbated after salt loading. Notably, salt induced a pressure-independent stiffness increase in the abdominal aorta which was more specifically related to elastin network alterations.
The search for animal models which present with increased arterial stiffness is of great importance to characterize and understand the contribution of various factors associated with this cardiovascular risk factor in humans. The SHRSP is characterized by even higher BPs than SHR, a tendency to die from stroke, and a sensitivity to salt. The SHRSP presents with an increase in oxidative stress, a reduction in nitric oxide availability, and endothelial dysfunction [12, 13, 21, 25] . A decrease in nitric oxide bioavailability has been previously shown to induce strong aortic stiffening [17, 26] . Furthermore, since the SHRSP rats under a salted diet also present renal dysfunction [14] and renal dysfunction is commonly associated with increases in aortic stiffness [16, 27] , we hypothesized that salt-sensitive SHRSP rats mimic hypertensive saltsensitive humans and would therefore present with increased arterial stiffness. The severity of the SHRSP model used in this study is confirmed by the clear cardiac and renal hypertrophy in SHRSP, which was further increased following chronic salt consumption.
SHRSP and SHRSP-salt animals exhibited decreased distensibility and aortic distension and an increased stiffness index and local PWV when compared to WKY rats, as measured by the vascular internal diameter (ultrasonic echotracking) coupled with simultaneous aortic BP measurements. This stiffening was visible at the thoracic and the abdominal level in SHRSP versus WKY rats. These results are in line with those published by Chapleau et al. [28] . Despite using a very different protocol which did not compare the SHRSP-salt group with a control group, they nicely describe the development over 4 weeks of treatment of salt-induced aortic stiffening measured both systemically via PWV and locally at the ascending aortic site.
The increase in BP due to chronic salt consumption in SHRSP [12, 14] was slight under anesthesia and made the results difficult to interpret at operational BP. Thus, analysis after BP adjustment to match WKY MBP was essential to compare thoracic and abdominal features and to distinguish pressure-dependent and independent stiffening as previously demonstrated [17] .
At matched BP, the thoracic and abdominal aortic stiffness parameters in SHRSP were no longer different from those of WKY, except for abdominal distensibility, which was still decreased. These results indicate that SHRSP aortic stiffening was totally BP-dependent at the thoracic site but slightly altered in the abdominal site (Table 1; Fig. 2 ). Here we again highlight the importance of comparing arterial stiffness values at matched MBP [5, 17] .
We used clonidine to lower BP via a reduction in total sympathetic output. In previous studies we used a nitric oxide donor but found that its effect on BP varies greatly in pathological models. In a model of severe aortic stiffening, we obtained similar results on stiffness and distensibility parameters upon administration of clonidine or a calcium antagonist. Any means of decreasing BP will af- The increased disarray of elastin networks in the medial layer, determined by loss of parallel orientation and increased dispersion of fibers, was obvious between thoracic and the abdominal sites for each group. In SHRSP-salt, elastin disarray was also increased compared with both WKY and SHRSP at the abdominal site. fect vascular tone, and clonidine was chosen because of its long action and its ability to be titrated to achieve a precise decreases in BP. At matched BP levels, the differential effects of salt upon the thoracic and abdominal aorta were clearly revealed. In the abdominal aorta, distensibility and distension remained decreased and stiffness index and local PWV increased in the SHRSP-salt compared to both the WKY and SHRSP animals, indicating the pressure-independent stiffening. To date, this is the first study which has shown a BP-independent increase in aortic stiffness in SHRSP-salt rats. The thoracic aorta did not present such BP-independent changes. This observation is the second major finding of this study, indicating that the addition of dietary salt produced a site-specific increase in arterial stiffness. The analysis of the pressure and distension waveforms confirms these observations, as well as the distension-pressure loop analysis shown in Figures 2 and 3 , as was previously shown [17] , and highlight these thoracic-abdominal differences. It may have been more informative to match wall stress values than MBP values; however, this was not feasible with our recording instruments. In contrast to BP, which is continuously recorded and observed online, the recorded diameter values are measurable only after the experiment; moreover, in rats wall thickness is not detectable in vivo and this parameter is only measured after euthanasia on histological sections. Presently, there is no means of actively calculating wall stress in vivo and adjusting it accordingly in rats. Thus, BP values are related to histological fix values of diameter and thickness whatever the pressure and pulse pressure were at different periods of recording. However, it is important to note that the major interest and originality of our technique is to measure dynamic parameters, which take into account pulsatile changes in alive animals. Nevertheless, wall stress values were calculated offline at reduced pressure values. We observed that, as expected, wall stress was lower in the abdominal aorta than in the thoracic aorta. Secondly, we observed that wall stress was slightly lower in hypertensive rats than in normotensive rats, which could be viewed as a limitation of the study. Nonetheless, our technique of normalizing our measurements for both MBP and pulse pressure is the most viable option during experiments and allows the exploitation of much more data (i.e., distension curves and pressure-distension loops). Concerning wall stress, it was therefore more relevant to compare the 2 groups of hypertensive rats; these results showed that wall stress was equal at the abdominal sites with and without salt. This again suggests that the salt-induced pressure independent increases in stiffness at this site were due to changes in the structure of the vessel wall and not changes in vessel caliber.
Our observations are consistent with data showing that the abdominal aorta is more prone to arteriosclerosis than the thoracic aorta [29, 30] . The aorta is often considered as a single entity; however, arterial stiffening develops differently along the aortic bed with aging in both humans and animal models [31] [32] [33] . This may be due to the fact that the thoracic and abdominal aorta have different embryologic origins, different means of maturation, and different structural and mechanical properties [34, 35] . Hickson et al. [31] showed that, in humans, aging resulted in a greater increase in abdominal aortic PWV compared to the thoracic aorta. Furthermore, Dodson et al. [32] were able to induce an increase in abdominal stiffness whilst having very little effect on the thoracic aorta in a model of sheep placental insufficiency. These changes were attributed to differential structural remodeling at each site. More recently, Zhang et al. [33] showed that the abdominal aorta is more severely stiffened with age in monkeys and that this was correlated more so with a disarray of collagen and elastin fibers than the traditional measure of the elastin/collagen ratio. The increased stiffness observed at the abdominal level, compared with the thoracic aorta, should be explained first by differences of the geometry of the artery (differential remodeling between the 2 sites) and by the composition of the aortic wall.
Concerning the geometry, we observed a progressive increase in wall thickness from the normotensive, to the SHRSP, to the SHRSP-salt at both the thoracic and abdominal sites. Nevertheless, relative to the internal aortic diameter, the abdominal aorta showed a greater and inward increase in aortic wall thickness with respect to the thoracic aorta. Increases in wall thickness are commonly seen as a result of chronic hypertension whereby the aortic media thickens to better distribute tension across the aortic wall [36] . Increases in wall thickness have also been shown to occur independently of changes in BP, notably in studies of salt consumption which lead to the proliferation of vascular smooth muscle cells and development of the extracellular matrix in the spontaneously hypersensitive rat [37, 38] without association with increased stiffness [39] . Our data demonstrate that if the thickening of the vascular wall is not necessarily associated with stiffening, inward remodeling is. A comparison of the aortic wall should also explain differences of stiffness between the 2 aortic sites. The sitespecific differences in aortic stiffness were derived from extracellular matrix changes in both aortic sites. Extracellular matrix proteins determine the passive biomechanical properties, collagen provides tensile strength, and elastin enables vascular elasticity [40] . A relationship between a decreased elastin/collagen ratio and arterial stiffness in different experimental models has long been described [41] . In our study, a lower elastin density was observed in the abdominal aorta compared with the thoracic aorta for each control strain (WKY and SHRSP), suggesting that it contributes to the greater stiffness observed in the abdominal site compared with the thoracic. Paradoxically, as already reported by Contri et al. [42] , elastin density was specifically reduced at the thoracic level in the SHRSP-salt group compared with both controls, but not at the abdominal site. This indicates that other factors than solely elastin density may account for the abdominal stiffness increase in this model, and different mechanisms regulate elastin density at both levels. This observation is not entirely novel since conflicting trends in aortic scleroprotein contents have long been noted, indicating that other extracellular matrix proteins, crosslinking, glycation, and structural or architectural rearrangement may contribute to altering the mechanical properties of the vascular wall [43] . It was recently shown that scleroprotein disarray as opposed to elastin/collagen ratio changes accounted for the increase in abdominal aortic stiffness versus thoracic stiffness in aged primates [33] . In this study, the authors demonstrated that, as in our salt model, elastin disarrays were more pronounced at the abdominal site and thus may account for the observed increased in stiffness. Whilst elastin disarray appears associated with aortic stiffness, the current mechanism associated with these alterations is currently unknown. However, previous papers by Samokhin et al. [44] reported that cysteinyl cathepsins (CstS/K) are one of the key enzymes to degrade elastic lamina of the atherosclerotic plaques. Thus, future work should evaluate the levels of these cathepsins in models of aortic stiffness to fully determine their role in enhancing elastin disarray.
Other obvious structural changes of the aorta shown in the present study were an accumulation of fibronectin and its integrin receptors. This is typically associated with arterial stiffness and already known to be upregulated during hypertension and aging [19] . To better characterize cell-extracellular matrix interactions, we also investigated focal adhesions through FAK quantification. Focal adhesions are becoming more widely recognized as mediators of arterial stiffness since they are responsible for the connections made between the extracellular matrix and vascular small muscle cells [45] . We can only speculate how the identical increased expression of focal adhesion markers seen in both the abdominal aorta and thoracic aorta can lead to an increase in stiffness in the former and not the latter. Altogether, these results provide evidence that, in SHRSP, salt induces a profound remodeling and fibrosis which is strongly correlated with differences in the pressure-independent stiffening between thoracic and abdominal aorta.
The thoracic section that we evaluated between the diaphragm and renal bifurcation is short and much less studied than the portion above the diaphragm, in vivo as well as in vitro. However, in echotracking experiments it presents the advantage of being recorded without opening the thoracic cage and by good vascular landmarks and thus reproducibility. Yet the reason why we chose to evaluate this level as thoracic was not only driven by technical considerations. Even though the diaphragm or the renal arteries are alternatively defined as the limit between the thoracic and abdominal aorta in the literature, we hypothesized that the renal bifurcation was the real transition point of embryological differentiation because the diaphragm has no physiological relationship with the aorta whilst the renal arteries certainly do. We nevertheless aimed to test this hypothesis by comparing thickness and diameter measurements at the suprarenal site and also above the diaphragm. We showed that the thickness/ lumen ratio of these 2 aortic sites were equal and significantly different from the abdominal site, indicating they were of the same embryological origin. Moreover, we observed that our thoracic site had more medial elastin layers than the abdominal aorta [34] , confirming the thoracic origin of the site between the diaphragm and renal arteries.
According to our results, future research should consider techniques such as the evaluation of the properties and waviness of collagen fibers, which also account for the dynamic properties of the vascular wall [46] and scanning acoustic microscopy [47] to determine how and where the observed changes in the extracellular matrix translate to increases in local arterial stiffness. In further studies it may also be interesting to investigate whether gender contributes to salt-induced changes in aortic stiffness.
The results of the study suggest that the thoracic aorta, which has an important role in dampening cardiac output, appears less sensitive to salt-induced stiffening, thus limiting changes to the left ventricle. One limitation of the J Vasc Res 2018;55:144-158 DOI: 10.1159/000488877 study is that this observation was made over a restricted period of time. These differences need to be evaluated both in other pathological conditions and also after a longer treatment period to evaluate the possible development of pressure-independent stiffening of the thoracic aorta over time. Another limitation of such studies is that echotracking measurements in animals requires anesthesia. Nonetheless, this technique allows in vivo recordings of local arterial wall stiffness; it provides valuable information on the functional deleterious effects of salt, thus allowing us to advance our understanding on the pathological consequences of salt in hypertensive humans.
In conclusion, we have demonstrated that the addition of dietary salt to the salt-sensitive SHRSP induces localized changes in aortic stiffness. These changes are associated with morphohistochemical modifications, and reflect the different embryological origins, suggesting functional differences between the thoracic and abdominal aorta. These findings highlight the importance of experimental models to fully investigate local aortic stiffness in disease conditions with the aim to screen and develop specific pharmacologic targets.
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